Background/Objectives: Patients do not always adhere to the wear times prescribed for removable orthodontic appliances. We evaluated the validity and usability of indirect wear-time assessment methods by comparing wear-time estimates with microelectronically measured wear times in patients with removable orthodontic appliances. Methods: Wear times of 33 expansion plates, 34 functional appliances, and 42 retention plates of patients aged 6-20 years (12.3 ± 2.9 years, 50.5% female) were indirectly determined by practitioners using a questionnaire assessing five parameters on a 5-point Likert scale: appliance handling, appliance appearance, bite shift, tooth movement, and appliance fit. The perceived difficulty in assessing each parameter was rated. Actual wear times were evaluated with microelectronic sensors in the appliances. Results: Regression analyses revealed that practitioners' decisions about wear times varied depending on the type of appliance and criteria used, with only one standard criterion best predicting estimated wear time for each appliance. Different standard criteria were better predictors of measured wear time: 22.3% of wear-time variability was explained by expansion plate appearance, 31.2% by functional appliance handling, and 18.8% by retainer fitting. However, practitioners rated the difficulty of assessment in most cases as 'easy'. Limitations: The study was not double blinded for technical reasons, and practitioners may have considered the evaluation criteria more carefully than in normal daily practice. Conclusions: Practitioners' decisions about wear times based on standard criteria strongly vary depending on the type of appliance and criteria used.
Introduction
Removable, fixed, or a combination of both appliances can be used for orthodontic treatment. A questionnaire study of 1538 German patients in 2012 showed that 48% of orthodontic patients aged between 11 and 14 years were treated with removable appliances such as functional appliances and expansion and retention plates (1) . However, the therapeutic success of removable appliances is primarily dependent on adhering to the wear-time prescription provided by the practitioner (2) (3) (4) (5) (6) . The extent to which the length and regularity of daily wear times influence the therapeutic progress of each European Journal of Orthodontics, 2017, 170-175 doi:10.1093/ejo/cjw026 Advance Access publication 30 March 2016 patient is largely unexplained. The usual daily wear-time prescription is based on empirical data (7) , and a patient following a daily wear-time prescription in the range of 10-16 hours usually produces favourable clinical outcomes. However, wear-time adherence of individual patients is highly variable (8) (9) (10) .
Provided that therapy progresses as expected, patient adherence can be considered adequate. However, in cases of unsatisfactory therapeutic progress or uncertainty over adherence, the regularity and adequacy of appliance wear over the treatment period need to be determined (11, 12) . The wear time of removable appliances has traditionally been assessed by indirect methods by the practitioner (13) . A recent survey of 107 orthodontists showed that 96% of wear behaviour was determined via interviews with patients and parents, and indirect clinical parameters such as appliance fitting, bite shift, tooth movements, and appliance appearance and handling were also commonly used by 69-100% of practitioners (13) . Practitioners generally regarded the clinical parameters as 'very effective' for evaluating the wear time of removable appliances, whereas questioning patients was deemed 'less effective' (13) . In spite of this confidence in current practice, the validity of indirect methods for determining wear times has yet to be evaluated by comparison with objective wear-time measurement methods. Newly developed microelectronic wear-time sensors now provide the opportunity for objective evaluation of wear time and are available in daily practice (14) (15) (16) .
Here we examine, for the first time, the validity of different indirect wear-time methods used by practitioners by comparison with objectively measured wear times of removable orthodontic appliances. Furthermore, we evaluated practitioner satisfaction with indirect wear-time methods.
Subjects and methods

Data collection
This was a prospective study. Four orthodontists (two employed by the University, and two in private practice) and five residents (four working at a University Hospital, and one in a private practice) collected data between February 2013 and March 2014. At the time of data collection, the orthodontists had 24 months of clinical practice experience and the residents had 3-6 months of experience (overall 11.0 ± 8.1 months) with the microelectronic system, respectively.
Of 136 patients agreeing to take part in the study (themselves or by parental agreement), data from 109 patients were available for final analysis after application of inclusion and exclusion criteria. Inclusion criteria were treatment with a removable orthodontic appliance into which a TheraMon® sensor was completely embedded; consent to use the sensor for wear-time recording; and appliance application and first follow-up appointment during the study period. A total of 33 (30.3%) patients were treated with expansion plates, 34 (31.2%) with functional appliances, and 42 (38.5%) with retention plates. Exclusion criteria were data outliners beyond 3 SD from the respective mean resulting in patients older than 20 years (n = 1); time between onset and follow-up longer than 300 days (n = 2); microelectronic wear-time data unavailable for technical reasons (n = 3); or incomplete questionnaire (n = 21).
Practitioners were instructed to complete a one-page questionnaire for each patient that met the eligibility criteria (see above) at the first follow-up appointment after the beginning of treatment. The questionnaire had two main components: practitioner assessment of wear-time and patient-reported assessment of wear time; the objective wear time was only recorded after accrual of these data.
The first part of the questionnaire contained two questions on each of five standard literature-based criteria (17-23): 1) handling of the removable appliance by the patient; 2) appliance appearance; 3) bite shift; 4) tooth movements; and 5) fitting of the removable appliance. The first question was how practitioners rate the wear time based on the criterion on a 5-point Likert scale from 'very good' to 'very poor', and the second question was how difficult it was to rate the criterion on a 5-point Likert scale from 'very easy' to 'very difficult'. For statistical analysis, rating scales were coded from 1 = 'very good' or 'very easy' to 5 = 'very poor' or 'very difficult'. Practitioners could also rate the wear time as 'not assessable'.
The second part of the questionnaire asked for socio-demographic data (age and sex) of participants and the type of orthodontic appliance: an expansion plate, a functional appliance (bite-jumping appliance and standard activator), or a retention plate (modified Hawley retainer). Finally, practitioners were required to complete the following mean wear times in hours per day: wear time prescribed at the start of treatment, wear times estimated by the practitioner and by the patient, and wear time objectively measured by a microelectronic wear-time device.
For objective wear-time documentation, a TheraMon® microsensor (Handelsagentur Gschladt, Hargelsberg, Austria) was completely embedded in the same position of the base plate of all removable appliances according to published procedures (24) . The sensor measures 9 × 13 mm and records appliance wear at regular 15-min intervals over 2 years by detecting surrounding temperature changes. The sensor can detect temperature changes and, therefore, reliably distinguish typical 'wear-time' temperatures (~35°C) from 'nonwear-time' temperatures (room temperature) (25, 26) . Practitioners activated and checked the sensor at the start of treatment and downloaded recorded data using an appropriate reading station at the first follow-up appointment. For the purposes of comparative analysis, the mean wear time over the recording period was regarded as the objectively measured wear time. Practitioners were instructed to download recorded wear-time measurement after filling in the questionnaire. Therefore, during completion of the questionnaire, neither the practitioner nor the patient was aware of the actual wear-time measured by the sensor.
The ethical review board of the University Hospital of Tübingen, Germany (study no. 3392012B01) approved the study protocol. The use of microsensors to determine the wear time of removable appliances has become standard in some orthodontic practices in Germany. All patients and practitioners gave consent to participate in the study.
Statistical analysis
Due to differences in treatment goals and significant group differences in wear times, treatment duration, and patient age (see Table 1 ), data were analysed separately for each group. Treatment group data were not normally distributed (Kolmogorov-Smirnov test: all P < 0.05) except for objectively measured wear time. Therefore, the KruskalWallis rank correlation test was used to test for differences between groups (reported as H), and Spearman's rank correlation coefficients (rho, r s ) were calculated to test for correlations. Chi-squared tests (Χ 2 ) were used to test frequency distributions. Multiple linear regression analyses were performed for predictor analyses, with practitioner-estimated wear time and objectively measured wear time as dependent variables, respectively, and the five assessed criteria as predictors. To obtain the best predictive model, predictors were only included in stepwise procedures if the bivariate correlation between predictor and dependent variables was significant. Stepwise procedures included predictors if their F probability was less than 0.05, and predictors were removed if their probability was greater than 0.10 at each step, provided that no more predictors met the criteria for inclusion or exclusion. Linear regression analysis assumptions were checked and met (autoregression, collinearity, and distribution of residual errors). Since missing values were randomly distributed, pairwise exclusion of variables was employed to use as much data as possible, resulting in slightly different sample sizes for each pair of variables. For clarity, degrees of freedom (df), but not each sample size, are reported.
Statistical analyses were performed with SPSS version 22.0 (IBM Statistics, Chicago, Illinois, USA) and results were considered significant if α < 0.05 (two-tailed). Data are presented as means and standard deviations (M ± SD) unless otherwise stated.
Results
Sample characteristics
Included patients (n = 109) were aged between 6 and 20 years (12.3 ± 2.9 years), and 50.5% were female. The prescribed mean wear time for all treatments was 14.5 ± 1.9 hours per day compared to a practitioner-estimated mean daily wear time of 10.6 (± 3.3) hours and a patient-reported mean wear time of 11.3 (± 3.6) hours per day. The mean objective daily wear time measured with the microelectronic sensor was 10.2 (± 4.1) hours. The mean difference between wear times assessed by practitioners and objectively measured wear time was −0.3 (± 3.9) hours, with a wide range from −6.0 to 13.0 hours. Overall, only 15 of the practitioners' estimates (14%) corresponded to the actual daily wear time, and 52 (47.7%) of the practitioners' estimates differed from the actual wear time by over 2 hours. The respective wear-time values for each patient group treated with different removable orthodontic appliances are shown in Table 1 . Due to significant differences in patient age and wear times between groups, data were analysed separately for each treatment group.
Wear-time assessment decisions
The associations between the four determined wear times (prescribed, patient and practitioner estimated, and objective) and standard criteria (by orthodontic appliance type) are shown in Table 2 as Spearman's rank correlation coefficients (r s ). The standard daily wear time for the therapy prescribed at the beginning of treatment was not associated with objectively measured wear time for any orthodontic appliance ( Figure 1 ) nor with any other wear time assessed by the practitioner, reported by the patient, or objectively measured with the sensor when expansion plates or functional appliances were used (all P > 0.05). However, the initial wear-time prescription was significantly correlated with the wear time assessed by practitioners and reported by patients (r s = 0.460, P < 0.01 and r s = 0.462, P < 0.01) when retainers were used. Patient-reported wear time was also significantly correlated with the wear times assessed by practitioners and objectively measured with the sensor for all treatment groups (r s values between 0.553 and 0.777, all P < 0.05; see Supplementary Table 2 ). Finally, wear times assessed by practitioners were significantly correlated with objectively measured wear times by the sensor independent of treatment ( Figure 2 ). For all orthodontic appliances, practitioner-assessed wear times were significantly correlated with wear times evaluated based on handling, tooth movements, and fitting (r s values between −0.332 and −0.672, all P < 0.05). Additionally, practitioner-assessed wear times were correlated with wear times based on signs of use when expansion plates were used (r s = −0.421, P < 0.05) and dental occlusion when functional appliances were used (r s = −0.559, P < 0.01). Therefore, practitioners appeared to take several of the standard criteria into account when assessing orthodontic appliance wear times.
To test how much of the variance of wear-time assessment by practitioners was explained by the use of standard criteria and which standard criteria contributed most to practitioner-assessed wear-time prediction, multiple linear regression analyses were conducted using both simultaneous inclusion of predictors and stepwise inclusion of related predictors (see Table 2 for significantly related predictors). Standard criteria explained 50.1% and 38.1% of practitioner-assessed wear-time variance for expansion plates and functional appliances, respectively, but did not explain retention plate wear times. Stepwise regression revealed that, for each appliance, only one standard criterion predicted wear time: 43.7% of wear time was explained by tooth movements when expansion plates were used, 37.4% by handling of functional appliances, and 14.2% by retainer fitting (see Supplementary Table 1 for detailed results). Practitioners' decisions about wear times based on standard criteria, therefore, strongly varied depending on the type of appliance and criteria used. 
Predictive validity of standard criteria for wear-time assessment
To examine how much of the objectively measured wear-time variance was predicted by standard clinical criteria, simultaneous and stepwise multiple linear regression analyses were performed as above. For expansion plate treatments, significantly correlated standard criteria explained 19.9% of objective wear-time variance.
Stepwise inclusion of variables revealed that signs of use only predicted 22.3% of the objective variance; no other predictors contributed. For functional appliance treatments, related standard criteria predicted 29.1% of the objective wear-time variance, whereas only handling was included in the stepwise procedure, which explained 31.2% of the variance. For retainer treatments, related standard criteria did not explain any of the variance, but stepwise inclusion revealed that only fitting explained 18.8% of the objective weartime variance. Therefore, standard orthodontic criteria for wear-time assessment predict between 20% and 31% of objective wear times, depending on orthodontic appliance.
Difficulties in clinical wear-time assessment
Practitioners rated wear times as 'not assessable' by dental occlusion in 50 (45.9%) patients, particularly in those wearing expansion plates or retainers compared to functional appliances (in 22, 26, and 2 patients, respectively; Χ 2 = 32.0, P < 0.001). Furthermore, wear time could not be assessed based on tooth movements in 20 (18.3%) patients, independent of the orthodontic appliance type.
In all other cases, practitioners rated the difficulty of wear-time assessment based on all criteria as 'easy' (median = 2.0). Wear time was more difficult to rate based on tooth movements only when patients wore functional appliances rather than expansion plates and retainers (mean ranks of 56.4, 40.3, and 36.1, respectively; H = 12.3, P = 0.002; see Supplementary Table 2 for detailed results).
Discussion
This study aimed to investigate the validity and usability of the indirect standard criteria used by practitioners during the active therapeutic phase and the early retention phase to assess the wear times of removable orthodontic appliances in daily practice. During this part of therapy, patients tend to be below the age of 10 years: older patients are often already in a long retention period and therefore were not included in the study. Furthermore, removable appliances Table 2 . Correlations between the four determined wear times and standard criteria. WT = wear time. Values reported are Spearman's rank correlation coefficients r s ; only significant correlations above the diagonal are displayed. *P < 0.05, **P < 0.01, ***P < 0.001. are often used in children with mixed dentition, so this group of young patients seemed particularly important to study. We confirmed a number of recent results demonstrating that most patients do not adhere to empirically derived standard wear-time prescriptions for removable orthodontic appliances (4, 6, 23, (26) (27) (28) (29) (30) (31) (32) . For example, preliminary microelectronic wear-time measurements of intraoral appliances showed that patients only fulfilled approximately 50-60% of the wear time prescribed (33) . The quantitative assessment of headgear compliance shows that the mean actual hours of daily wear relative to the practitioners' requirement was about 57% (5). Meaningful differences of reported time of headgear (8) or removable appliances (34, 35) use with electronically measured actual usage was also reported. Since there were medium to high correlations between the most commonly used indirect weartime assessment parameters and the overall estimated wear time, practitioners seem to consider these criteria when assessing wear times. Stepwise regression analyses, however, showed that only one particular parameter was predictive of wear time depending on the appliance used, with the other parameters not adding benefit.
The patients were told during consent process that estimated wear times be compared to objective, microelectronically measured wear times. Patients may therefore have estimated their wear times more carefully. Furthermore, clinicians might have gradually would have become more aware of the discrepancy between patient-reported and microsensor recorded time during the study, thereby estimating wear times better and introducing a potential bias. The validity of wear-time estimation by the practitioner, therefore, crucially depended on the correct choice of parameter used in indirect assessment of the appliance wear time. Additionally, the high variability of mismatched wear times assessed by practitioners compared to objectively measured wear times ranged between −6 and +13 hours mirroring the difficulty in assessing wear times by indirect methods. Practitioners' estimates of real wear times differed by over 2 hours in nearly half of the cases (47.7%) assessed. Due to the significant high correlation with measured wear times but no correlation with prescribed wear times, we assume that patients tend to report their wear times accurately but might be more dishonest in daily practice.
Although a double-blind study protocol is generally considered a superior clinical study design, such an approach would have been difficult to execute: both the practitioner and patient can easily see the embedded microsensor, and the patient would need to be informed of microelectronic measurements as an ethical consideration. However, we do not believe that practitioner and patient awareness of microelectronic monitoring limited this study, since the main aim was to evaluate associations between subjectively estimated and experimentally measured wear times of removable appliances; we did not attempt to evaluate parameters that might influence practitioner and patient estimations, which would specifically demand a double-blind study protocol. Since everyone knew that their estimates would be remeasured electronically, participants may have, in fact, estimated wear times particularly carefully; therefore, a double-blind study would be expected to produce similar or worse correlations between estimated and measured values.
The results of our study may be surprising to practitioners, who have probably not questioned the validity of standard indirect weartime evaluation methods and who rated them as relatively 'easy' to implement. However, practitioners may have considered the evaluation criteria more carefully than in daily practice due to the lack of blinding and the use of a structured questionnaire.
The study results confirm that there are two major problems challenging successful orthodontic treatment with removable appliances: 1) patients do not adhere to prescribed wear times, and 2) indirect wear-time assessment via patient interviews and the commonly used standard criteria can be insufficient for accurate assessment. Future studies will need to investigate how microelectronic wear-time sensors can be used to objectively monitor orthodontic treatments by default and enhance patient adherence. Practitioner-assessed wear time based on clinical parameters did not markedly differ from patient-estimated wear times. Due to the wide distribution of wear times, we speculate that a single standard wear-time prescription applied to all patients does not adequately capture individual patient situations. By using an objective wear-time documentation, previous discussions between patient and practitioner about an assumed insufficient adherence can be avoided from the outset. Objective and reliable wear-time measurement might allow practitioners and patients to agree on feasible but necessary wear times. Furthermore, practitioners can provide feedback about treatment success based on real wear times rather than on (maybe falsely) reported wear times. Finally, most patients with long wear-time prescriptions were non-adherent (36, 37) .
Conclusion
The decisions about adherence based on the normally used indirect standard parameter strongly vary depending on the type of appliance and criteria used. This indirect wear-time evaluation in the past cannot be longer recommended as a reliable determination of wear time in respect to the new objective microelectronically wear-time documentation.
In cases of unsatisfactory therapeutic progress or uncertainty over adherence, objective documentation of wear time and behaviour may make it easier to determine how adherence to wear-time prescription affects treatment progress. Practitioners can individualize wear times over the course of treatment at routine appointments based on the individual therapeutic progress and objectively measured wear times, which has hitherto not been possible with standard indirect wear-time detection methods.
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